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Differences in Expression of Specific Biomarkers
Distinguish Human Beard from Scalp Dermal
Papilla Cells
Susan E. Rutberg1, Meredith L. Kolpak1, John A. Gourley1, Gege Tan1, James P. Henry1
and Douglas Shander1
Androgen exposure stimulates the growth of beard hair follicles. The follicle dermal papilla appears to be the
site of androgen action; however, the molecular mechanisms that regulate this process are not well understood.
In an attempt to identify genes that contribute to the androgen-responsive phenotype, we compared gene
expression patterns in unstimulated and androgen-treated cultured human dermal papilla cells isolated from
beard (androgen-sensitive) and occipital scalp (androgen-insensitive) hair follicles. Through this analysis, we
identified three genes that are expressed at significantly higher levels in beard dermal papilla cells. One of these
genes, sfrp-2 has been identified as a dermal papilla signature gene in mouse pelage follicles. Two of these
genes, mn1 and atp1b1, have not been studied in the hair follicle. A fourth, fibulin-1d, was slightly upregulated
in beard dermal papilla cells. The differences in the expression of these genes in cultured beard and scalp
dermal papilla cells reflected similar differences in microdissected dermal papilla isolated from intact beard and
scalp follicles. Our findings introduce potentially novel signaling pathways in dermal papilla cells. In addition,
this study supports that cultured dermal papilla cells provide a cell-based model system that is reflective of the
biology of in vivo hair follicle cells.
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INTRODUCTION
At the onset of puberty, androgens stimulate robust follicle
growth on the face, while follicles on the crown of the scalp
begin a process of miniaturization in susceptible individuals
(Randall et al., 2000; Hoffmann, 2002). The androgen
receptor and 5-a-reductase II are localized to the hair follicle
dermal papilla (Choudhry et al., 1992; Hamada et al., 1996;
Eicheler et al., 1998; Ando et al., 1999), suggesting this is the
site where androgen processing occurs. Androgen signaling
is thought to result in the release of paracrine factors from
the dermal papilla to the surrounding follicle epithelium
(reviewed in Randall et al., 2001), a process that causes a
significant increase in beard follicle size (Elliott et al., 1999).
The androgen responsiveness of hair follicle dermal
papilla cells can be recapitulated in cell culture (reviewed
in Randall et al., 1992, 1994). Dermal papilla cells (DPC)
isolated from beard follicles express type I and type II 5a-
reductase (Itami et al., 1991, 1994) and convert testosterone
to 5a-dihydrotestosterone (DHT) (Randall et al., 1992;
Thornton et al., 1993; Hamada et al., 1996). These
characteristics have not been observed in occipital scalp
DPC (Itami et al., 1991, 1994; Randall et al., 1992; Thornton
et al., 1993; Hamada et al., 1996), or dermal fibroblasts
(Itami et al., 1991). As the activated androgen receptor acts as
a transcriptional regulator, attempts have been made to
identify unique gene expression patterns and phenotypic
characteristics that define androgen-sensitive DPC. Kim et al.
(2003) identified androgen-regulated genes in SV-40 trans-
formed DPC and published a set of five genes that were
induced by DHT treatment. Seo et al. (2001) have identified
an androgen regulated gene, AIG1, a human homolog of a
hamster gene expressed in the androgen-sensitive flank
organ, which is a model of human beard hair growth
(Kaszynski, 1983). Cha et al. (2005) have identified the
human homolog of the mouse URB gene as an androgen-
inducible gene in DPC. Midorikawa et al. (2004) identified
BMP2 and ephrinA3 as hair growth promoting genes that are
downregulated in DPC isolated from balding scalp. Together,
these studies begin to define molecular characteristics that
define DPC in androgen-sensitive hair follicles.
Cultured DPC (from beard or scalp follicles) demonstrate
some unique properties. In addition to the expression of
smooth muscle a-actin (Jahoda et al., 1991; Reynolds et al.,
1993; Chiu et al., 1996), the ability to form aggregates
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(Jahoda and Oliver, 1984; Chiu et al., 1996; Bratka-Robia
et al., 2002) their generally quiescent nature (Ferraris et al.,
1997) and production of a distinct extracellular matrix
(Katsuoka et al., 1988; Chiu et al., 1996; Bratka-Robia et al.,
2002; de Almeida et al., 2005), cultured DPC can retain the
ability to induce hair growth when transplanted to an in vivo
environment (Jahoda et al., 1984, 1993; Reynolds and Jahoda,
1992; Matsuzaki and Yoshizato, 1998; Kishimoto et al., 1999,
2000; McElwee et al., 2003), or a three-dimensional model
system in vitro (Krugluger et al., 2005). Characteristics such as
versican expression (Kishimoto et al., 1999; Soma et al.,
2005), alkaline phosphatase activity (McElwee et al., 2003),
and activation of matrix metalloproteinases (Yuspa et al.,
1993) have been correlated with hair inductive ability in in
vivo transplant models. A number of studies have been
performed attempting to identify critical genes that distinguish
DPC from dermal fibroblasts that are not able to support hair
growth (Sleeman et al., 2000; Yang et al., 2004; Yu et al.,
2004). Molecular signatures for different compartments of
mouse pelage follicles have been defined, illustrating clear
differences between DPC, other types of hair follicle cells, and
dermal fibroblasts (Rendl et al., 2005).
Since androgen responsiveness in hair follicles appears to
channel through the dermal papilla, we wished to identify
differences in gene expression between cells in the dermal
papilla of scalp and beard hair follicles that could contribute
to the enlarged beard phenotype. Using human beard and
scalp follicles as our tissue source, we have established
cultures of DPC that at low passage, appear to reflect patterns
of gene expression in the dermal papilla isolated from intact
hair follicles. Using this model, we have defined the
differential expression of four genes that have not been
previously characterized in cultured human hair follicle DPC.
Three of these genes show elevated expression specifically in
beard cells when compared to scalp cells, and one appears to
provide an additional biomaker to define the DPC phenotype.
RESULTS
Beard DPC attach more readily than nonbalding scalp cells and
form dense cell outgrowths
A comparison of beard and occipital scalp DPC 9 days after
plating indicates that scalp cells form outgrowths more slowly
than beard cells (Figure 1). Whereas beard DPC outgrowths
are very tightly packed, scalp cells have a more spread-out
appearance with spaces between the cells. We have also
noted that a greater percentage of scalp DPC express smooth
muscle a-actin upon initial passage than is seen in cultures of
beard cells, and trypsin-resistant beard DPC that remain
attached to the culture well after the initial first passage tend
to be enriched for smooth muscle a-actin expression (not
shown). The beard and scalp cultures used in this study were
obtained from the first trypsinization, and then screened for
high levels of smooth muscle a-actin expression (see Figure 4).
Secreted factors from beard or nonbalding scalp DPC
differentially regulate epidermal keratinocyte proliferation
In order to determine whether beard and scalp DPC secrete
factors that are mitogenic or growth inhibitory to epithelial
cells, co-cultures were established between epidermal
keratinocytes and preparations of scalp and beard DPC (three
scalp DPC preps from three individuals, one preparation of
commercially available scalp DPC and seven beard DPC
preparations from two individuals). Analysis of the number of
keratinocytes growing on tissue culture inserts after 48 hours
of co-culture indicated that some of the dermal papilla lines
stimulated and some inhibited keratinocyte growth (Figure
2a). In this study, the growth stimulatory DPC were derived
from male beard follicles. In contrast, DPC isolated from the
non-balding scalp appeared to have either no effect or a
negative effect on keratinocyte growth. Thus, DPC isolated
from beard and nonbalding scalp follicles appear to secrete
different cocktails of growth factors with different effects on
the growth of target epithelial cells. These findings are
consistent with other co-culture studies (Itami et al., 1995;
Pan et al., 1999; Inui et al., 2002; Itami and Inui, 2005), and
demonstrate that our preparations of DPC show similar
characteristics with androgen-sensitive DPC reported else-
where.
In an attempt to begin to characterize differences in
secreted factors between scalp and beard DPC, we examined
levels of transforming growth factor beta (TFGb) in the DPC
conditioned medium. TFGb is well-known as an inhibitor of
epidermal cell growth, and as a catagen-inducing factor
(reviewed in Hibino and Nishiyama, 2004; Soma et al.,
2002). DPC from follicles undergoing androgenic alopecia
secrete TGFb1, which inhibits the proliferation of epidermal
keratinocytes in a similar model system (Inui et al., 2003). In
our studies, we found that scalp DPC produced higher levels
of TGFb2 than beard DPC (Figure 2b).
Androgen receptor expression is inducible in beard DPC
Immunostaining of beard and scalp hair follicles indicated
the presence of the androgen receptor in the dermal papilla
and dermal sheath of beard follicles, but not follicles from
male or female occipital scalp (Figure 3a). Androgen receptor
Scalp DPC Beard DPC
1
2
Figure 1. Dermal papilla cell outgrowths on day 9. Dermal papilla were
isolated from hair follicles obtained from a 4-mm punch biopsy taken from
either the occipital scalp (scalp DPC) or the chin (beard DPC) of two
individuals (1 and 2). Each papilla was plated onto a well of a 24-well
dish. The cells were photographed on day 9. Bar¼0.1 mm.
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gene expression was also higher in the dermal papilla of
beard follicles compared with male occipital scalp follicles
(see Figure 6b). To determine whether differences in
androgen receptor protein were maintained in cultured beard
and scalp cells, nuclear extracts isolated from unstimulated
and DHT-treated beard and scalp DPC were analyzed by
Western blot analysis for the levels of androgen receptor
expression (Figure 3b). The levels of androgen receptor were
low in unstimulated beard and scalp DPC. However,
androgen treatment induced the expression of the activated
(ligand-bound) form of the androgen receptor (110 kDa)
specifically in beard DPC. Similarly, intense nuclear locali-
zation of the androgen receptor was observed (via immuno-
staining) in DHT-treated beard cells but not scalp cells (Figure
3c). Quantitation of the intensity of the nuclear staining of
DHT treated beard and scalp DPC indicated a 1.75-fold
increase in staining intensity with DHT-treatment of scalp
cells and a 2.25 increase with DHT-treatment of beard cells.
The increase in beard DPC was significantly greater than the
increase in scalp DPC (Po0.0001, Figure 3d).
Array analysis reveals differential expression of genes in beard
and nonbalding scalp DPC
In an attempt to identify genes that are differentially regulated
in androgen-sensitive DPC as a result of DHT exposure,
triplicate preparations of unstimulated and DHT-treated male
beard and female scalp DPC were analyzed through gene
array analysis. The DPC lines chosen for this analysis
displayed high levels of smooth muscle a-actin staining,
indicating that any observed differences in gene expression
were not due to dedifferentiation of the cells (Figure 4). When
we analyzed unstimulated and DHT-treated DPC, we did not
find consensus DHT-regulated transcripts in scalp cells, and
only four transcripts were slightly elevated in all of the DHT-
treated beard samples. fibronectin 1 (LocusLink 2335) was
increased 1.414-fold after DHT treatment. The remaining hits
showed a lesser degree of differential expression and
included genes described by LocusLinks 3397, 29005, and
1278. Larger sets of DHT-regulated genes were observed in
each of the triplicate populations of unstimulated and DHT-
treated beard cells submitted for analysis. However, there
was no consensus set of DHT-regulated genes identified in all
three groups of beard DPC. Thus, it appears that the
variability between the preparations of beard DPC over-
whelmed the ability to identify relevant DHT-regulated
genes.
In contrast, a large number of transcripts were found to be
differentially expressed between beard and scalp DPC in both
control and DHT-treated groups with significant overlap in
gene lists between these groups. Roughly 150 unique
transcripts were differentially expressed in beard and scalp
cells, irrespective of treatment status (potentially redundant
and poorly annotated transcripts were removed and the false
discovery rate from this analysis was determined to be
o10%). Forty-three percent of the 150 transcripts were
present in both lists (unstimulated beard vs scalp DPC and
DHT treated beard vs scalp cells) and the genes with the
highest fold changes were the same in the unstimulated and
DHT treated comparisons. Lists of the genes with the greatest
differences in gene expression between scalp and beard DPC
are shown in Tables 1 and 2, respectively. The gene list in
Table 2 was examined for the presence of Y-linked genes,
and these genes were removed.
PCR primers were generated and cDNA from additional
populations of beard and scalp DPC (male and female) were
analyzed for the expression of those genes that showed the
highest differential expression patterns in the gene array
analysis. Of these, four (mn1, sfrp2, atp1b1, and fibulin-1d)
confirmed differential expression between beard and scalp
DPC (Figure 5). The PCR products from these four primer sets
were sequenced, and their identities corresponded directly
with the genes identified through the gene array analysis. The
60,000
50,000
40,000
30,000
20,000
10,000
0
N
o.
 
o
f k
e
ra
tin
oc
yt
es
pe
r i
ns
er
t
Scalp DPC
Beard DPC
Scalp DPC
Beard DPC
N
on
e
Co
nt
ro
l
Ke
ra
tin
oc
yt
es
Ke
ra
tin
oc
yt
es
Fi
br
ob
la
st
s
Fi
br
ob
la
st
s
D
PC
 S
CC
-2
D
PC
 1
0-
5
D
PC
 1
0-
5
D
PC
 9
-1
7
D
PC
 1
4-
11
D
PC
 1
4-
6
D
PC
 1
4-
33
D
PC
 1
4-
25
D
PC
 1
3B
Ce
ll a
pp
s 
DP
C
D
PC
 9
-1
7
Ce
ll a
pp
s 
DP
C
D
PC
 1
3B
D
PC
 1
4-
11
D
PC
 1
4-
6
D
PC
 1
4-
33
D
PC
 1
4-
25
D
PC
 1
3J
D
PC
 1
4-
26
SC
C-
2
Cells in bottom chamber
P
=
0.
01
51
P
=
0.
00
02
P
=
0.
00
03
P
=
0.
00
95
1200
1000
800
600
400
200
0
pg
 T
G
F
2/m
g 
pr
ot
ei
n
a b
Figure 2. Co-cultures of DPC and epidermal keratinocytes. (a) 11 preparations of passage 2 DPC, one preparation of passage 2 dermal fibroblasts and one
preparation of passage 2 epidermal keratinocytes were attached to the surfaces of 24-mm culture wells in triplicate (the ‘‘none’’ group did not have any cells
attached to the culture dish). Epidermal keratinocytes (passage 2) were attached to Nunc 10 mm Anapore inserts in triplicate. Epithelial and mesenchymal
cells were co-cultured for 48 hours at which time the keratinocytes were counted. The DPC were from female occipital scalp (yellow), commercially available
scalp DPC (hatched yellow) and male beard (blue). (b) Levels of TGFb2 were determined in the conditioned medium from 9 of the 11 DPC used in (a).
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expression of these genes did not appear to be directly
regulated by androgens. Beard DPC treated with androgen
(DHT) or an antiandrogen (cyproterone acetate) were
analyzed for the expression of mn1, sfrp2, atp1b1, and
fibulin-1d; the expression of all of these genes remained
unaltered with androgen or antiandrogen treatment (not
shown).
Differential expression patterns of mn1, sfrp2, atp1b1, and
fibulin-1d were confirmed in matched beard and scalp DPC
isolated from the same individual. For this, we obtained pairs
of 4-mm punch biopsies from the chin and occipital scalp of
four males and cultured the DPC from the hair follicles in
these regions. Gene expression analysis confirmed differen-
tial expression patterns of mn1, sfrp2, atp1b1 between beard
and scalp DPC (Figure 6a). The differences in fibulin-1d
expression were not dramatic (similar to Figure 5). We also
analyzed the levels of these genes in commercially available
human adult dermal fibroblasts to determine the extent to
which these genes may be unique to DPC cultures. Beard
DPC expressed significantly higher levels of mn1, sfrp2, and
atp1b1 than dermal fibroblasts. In contrast, fibulin-1d
appeared to be expressed to similar levels in beard DPC
and dermal fibroblasts.
To determine whether mn1, sfrp2, atp1b1, and fibulin-1d
were differentially expressed in dermal papilla isolated from
intact beard and scalp hair follicles, dermal papilla were
microdissected and pooled from beard (chin) and scalp
(occipital) follicles obtained from biopsies from five male
individuals and analyzed for gene expression using reverse
transcriptase polymerase-PCR (RT-PCR) analysis. This ana-
lysis confirmed that the expression of sfrp2, mn1, and atp1b1
was higher in beard dermal papillae (Figure 6b). fibulin-1d
was only slightly higher in beard dermal papilla, as in Figures
5 and 6a. This analysis also confirmed higher levels of
androgen receptor expression in the dermal papilla from
beard follicles, and indicated that bone morphogenic protein
4 (bmp4), an inhibitor of follicle growth, was higher in scalp
dermal papilla.
Expression of ATP1b1 serves as a marker for beard DPC in vitro
sFRP2 ATP1b1 and fibulin-1 proteins were localized in
cultured DPC through immunostaining (there are no com-
mercial sources of MN1 antibody at this time). sFRP2
appeared to be present in organelles in DPC (perhaps
secretory granules), ATP1b1 demonstrated cytoplasmic loca-
lization with some association with intracellular fibers that
aligned with actin filaments (not shown) and fibulin-1
appeared as strands that coalesce in the region of cell
junctions (Figure 7a). Positive staining for these proteins was
the most intense in cells (beard or scalp) that were also
strongly positive for smooth muscle a-actin (see below).
Antibody staining for sFRP2, ATP1b1, and fibulin-1 was
observed in both scalp and beard DPC, but not in dermal
fibroblasts (not shown). Detection of sFRP2 and Fibulin-1
proteins by Western blot analysis is shown in Figure 7b.
To determine the extent to which any of these genes could
serve as a biomarker of cultured DPC, we quantitated levels
of smooth muscle a-actin staining in beard DPC preparations
that were strongly positive, weakly positive, or negative for
the expression of this DPC marker. Then, we analyzed levels
of mn1, sfrp2, atp1b1, fibulin-1d, versican, keratinocyte
growth factor, and bmp4 expression in the same cells (via
semiquantitative RT-PCR analysis). Correlation analysis was
performed, and indicated that the expression of atp1b1
transcripts strongly correlated with high levels of smooth
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Figure 3. Androgen sensitivity of beard follicle DPC. (a) Beard and scalp
follicles (male and female) were reacted with an androgen receptor antibody.
Nuclear localization of the androgen receptor was observed in the dermal
papilla and dermal sheath of beard follicles. Bar¼0.1 mm. (b) Nuclear
extracts from DMSO () and DHT-treated (þ ) prostate cancer cells (LNCaP)
and two preparations (1 and 2) of beard and scalp DPC were analyzed
through Western blotting for androgen receptor expression. The 110 kDa
active form of the androgen receptor is indicated (arrow). Bar¼ 0.1 mm.
(c) Immunostaining of passage two DPC to detect nuclear localization of the
androgen receptor in representative control and DHT-treated beard and scalp
cells. (d) Quantitation of the levels of androgen receptor staining in control
(DMSO treated) and DHT-treated beard and scalp DPC. Three fields from five
separate populations of scalp and beard DPC were analyzed.
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muscle a-actin expression (coeff.¼0.848, P¼ 0.0304). The
expression of sfrp2 (coeff.¼0.785, P¼ 0.0669) and fibulin-
1d (coeff.¼ 0.723, P¼0.1134) transcripts correlated more
closely with smooth muscle a-actin expression than versican,
bmp4, and keratinocyte growth factor (Table 3).
Expression of sFRP2, ATP1b1, and Fibulin-1 proteins in human
hair follicles
Skin biopsies embedded immediately upon removal from the
scalp and chin and hair follicle biopsies held for 24 hours at
41C prior to microdissection, and embedding were analyzed
for the expression of ATP1b1, sFRP2, and fibulin-1 proteins.
sFRP2 was detected in the dermal papilla, upper and lower
matrix regions, and the outer root sheath (Figure 8a). Very
high levels of sFRP2 were detected in the lower matrix region
(germinal epithelium) in the sections of follicles that were
freshly embedded. This staining was less intense in follicles
prepared after 24 hours. In both sets of follicles, sFRP2
staining appeared to be the most intense in the matrix cells
surrounding the dermal papilla. sFRP2 was localized in the
nuclei of hair follicle epithelial cells and in the cytoplasm of
DPC. ATP1b1 was observed in the dermal papilla, upper and
lower matrix region, and outer root sheath (Figure 8b). Very
strong staining was observed in the lower matrix region
Male beard DPC Female scalp DPC
DMSO 10 nM DHT DMSO 10 nM DHT
1
2
3
1
2
3
Androgen receptor Androgen receptorSmooth muscle
-actin
Propidium iodide
Smooth muscle
-actin
Propidium iodide
Figure 4. DPC used in the gene array analysis. Three preparations of male beard and female scalp DPC were grown to passage 3 and analyzed for androgen
inducible nuclear localization of the androgen receptor and smooth muscle a-actin expression. Bar¼ 0.1 mm.
Table 1. Results of gene array analysis indicating genes that were expressed to higher levels in passage 3 scalp
dermal papilla cells based on triplicate comparisons of scalp and beard cells
Genebank No. Gene name Fold change Description
NM_016588 Neuritin 1 16.9 Promotes neurite outgrowth
NM_003412 Zic family member 1 14.2 Nuclear protein
NM_047995 Odz, Oz/ten-m homolog 10.8 —
NM_004415 Desmoplakin 9.38 Cell junctions
NM_024336 Iroquois homeobox 3 7.1 Nucleus transcription reg.
NM_019058 DNA-damage inducible 4 6.2 Upregulated in hypoxic cells
NM_002318 Lysyl oxidase-like 2 6.0 Aging extracellular
NM_000050 Argininosuccinate synth. 6.0 Arginine biosynthesis
NM_004563 Phosphoenolpyruvate CK2 5.3 Mitochronria gluconeogenesis
NM_030965 Sialyltransferase 7 4.2 Golgi glycosylation
NM_021158 Tribbles homolog 3 4.8 Apoptosis
NM_001321 Cysteine/glycine-rich protein 2 4.3 Nucleus cell differentiation
NM_002147 Homeobox B5 4.3 Nucleus morphogenesis
NM_000093 Collagen, type 4 a1 4.1 Cell adhesion
NM_001049 Somatostatin receptor 1 3.6 Membrane G-protein signaling
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(germinal epithelium) in the sections of follicles that were
freshly embedded, but this intense staining was not observed
in the follicles that had been stored for 24 hours before
embedding. ATP1b1 was observed in both cytoplasmic and
nuclear locations. Fibulin-1 was strongly expressed in the
dermal papilla and dermal sheath in cytoplasmic and/or
extracellular locations (Figure 8c). Fibulin-1 staining ap-
peared the most intense in the DPC that were in contact with
matrix cells. Some fibulin-1 staining was also apparent in the
germinal epithelium of beard hair follicles. The antibody used
in this study detects all isoforms of Fibulin-1 (Fibulin 1A, 1B,
1C, and 1D).
DISCUSSION
Gene array analysis identified significant differences in gene
expression between beard and scalp DPC that were
independent of androgen treatment. How the differential
expression of these genes is related to the higher levels of
androgen receptor detected in beard cells and the ability of
beard DPC to stimulate the growth of epidermal cells is
unclear. That the expression of these genes was not affected
by androgen treatment suggests that there are intrinsic
differences between beard and scalp DPC, perhaps as a
result of conditioning that occurs during puberty. If the
differences in gene expression identified here are a result of
this conditioning, then the beard and scalp phenotypes
Table 2. Results of gene array analysis indicating genes that were expressed to higher levels in passage 3 beard
dermal papilla cells based on triplicate comparisons of scalp and beard cells
Genebank No. Gene name Change fold Function location
NM_003013 Secreted Frizzled Related Protein 2 18 Resistance to apoptosis
NM_001677 ATPase. Na+/K+ transporting beta 18.7 Membrane, potassium ion transport
NM_013330 non-metastatic cell protein 7 13.4 ATP binding CTP biosynthesis
NM_002430 Meningioma (MN1) 9.6 Negative cell cycle regulation
NM_004973 Jumonji 7.95 Nucleus transcription reg.
NM_005410 Selenoprotein P 3.9 Response to oxidative stress.
NM_006486 Fibulin 1D 2.25 Extracellular matrix
Y-linked genes have been excluded.
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6.1
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P=0.0122
P =0.0013
P =0.0047
P =0.0875
Figure 5. Confirmation of results from gene array. Four preparations of
passage 3 male beard DPC and two preparations each of passage 3 female
and male scalp DPC were analyzed for levels of expression of sfrp2, mn1,
atp1b1, and fibulin-1d using semiquantitative RT-PCR analysis. The fold
increase in expression in the beard cells over the scalp cells is indicated.
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Figure 6. Confirmation of results from gene array using paired cultures of
beard and scalp DPC. (a) 4 mm punch biopsies were taken from the occipital
scalp (S) and chin (B) of four individuals (1–4). Hair follicles were isolated
from the biopsies and DPC were cultured to passage 2 and levels of mn1,
sfrp2, atp1b1 and fibulin-1d were analyzed. The expression of these genes
was also evaluated in passage 2 dermal fibroblasts (Fb). Fold increases in
expression in beard cells compared with scalp cells is indicated. (b) Dermal
papilla were microdissected and pooled from follicles from beard (B) and
scalp (S) biopsies from five individuals (approximately 20 beard dermal
papilla and 30 scalp dermal papilla were used). Levels of mn1, sfrp-2, atp1b1,
fibulin-1d, androgen receptor and bmp4 were analyzed through semiquan-
titative RT-PCR.
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appear to be maintained in human DPC through three
passages in culture. That the gene array analysis did not
identify a consistent pattern of androgen-regulated genes in
beard DPC may reflect a number of factors including
variability between individuals, unavoidable differences in
growth patterns inherent in primary cultures, and nonoptimal
conditions for steroid withdrawal or androgen stimulation.
Although our conditions were appropriate for the induction
and nuclear localization of the androgen receptor following
androgen treatment, downstream events may not be as
consistent when other variables are present. That the relative
expression of mn1, sfrp2, atp1b1, and fibulin-1d genes was
similar in cultured DPC and in intact dermal papilla supports
the relevance of using DPC cultures for investigating
mesenchymal contributions to the biology of beard and scalp
hair follicles.
Immunostaining of cultured DPC using commercially
available antibodies provided some information on the
localization of the protein products of sFRP-2, ATP1b1, and
Fibulin 1 in DPC and hair follicles. A comparison of
immunostaining patterns obtained with sFRP2 and ATP1b1
antibodies in beard and scalp follicles preserved immediately
or 24 hours after biopsy showed reduced expression in the
germinal epithelium (the region at the base of the hair bulb)
upon prolonged removal from the in vivo environment. This
reduction may suggest that sFRP2 and ATP1b1 are required
for maintaining normal physiology of hair follicles, since hair
follicles removed from the in vivo environment do not
undergo continued growth and cycling (Philpott et al., 1990).
Fibulin-1 was localized in strands or bundles that appeared to
accumulate at cell junctions. Cytoplasmic or extracellular
localization of fibulin-1 was evident in the mesenchymal
regions of intact hair follicles consistent with a prominent role
of fibulin-1 in the extracellular matrix of dermal papilla and
dermal sheath cells.
The extent to which the expression of sfrp2, mn1, and
fibulin-1d genes correlated with the expression of smooth
muscle a-actin, a known marker of DPC in culture (Jahoda
et al., 1991; Reynolds et al., 1993; Chiu et al., 1996), was
determined. Correlation analysis in which mn1, sfrp2,
atp1b1, and fibulin-1d gene expression (and the expression
of other DPC genes) was compared with smooth muscle
a-actin protein expression indicated that atp1b1 showed a
high correlation with the expression of smooth muscle
a-actin. This raises the possibility that ATP1b1 may provide
an additional biomarker of DPC in general, and beard DPC
in particular. sfrp2 gene expression also correlated with levels
of smooth muscle a-actin, although the correlation was
not significant at Po0.05.
The Naþ /Kþ Transporting beta-1 polypeptide ATPase
(ATP1b1) is a ubiquitous integral membrane protein that
regulates the ATP-dependent transport of Naþ and Kþ
across the cell membrane. The ion gradients produced by this
enzyme are required for many essential cellular processes
(reviewed in Lingrel et al., 1990). The enzyme consists of two
subunits, designated a and b, that show variations in
expression patterns in different tissues and cell types. Owing
to the wide-spread nature of the expression of ATP1b1, it is
difficult to envision a unique function for this enzyme in hair
follicle dermal papilla. However, Minoxidil, an ATP-sensitive
potassium channel opener that stimulates hair growth in
some individuals, induces cell proliferation (Han et al., 2004)
and increases intracellular calcium and vascular endothelial
growth factor production in DPC (Li et al., 2001). ATP1b1,
together with other potassium channel proteins recently
identified in DPC (Davies et al., 2005), may contribute to
these effects. Whether potassium channels are constitutively
activated in beard DPC is not known.
Secreted frizzled related protein-2 is a member of a
family of secreted proteins with a frizzled-like cysteine-rich
ligand-binding domain (Rattner et al., 1997) thought to act as
WNT antagonists (Bergwitz et al., 2001). sfrp2 is a dermal
sFRP2 Fibulin-1
Fibulin
sFRP2
ATP11
Anti-mouse
secondary Ab
Anti-rabbit
secondary Ab
Propidium iodide
Smooth muscle
-actin
100 kDa
45 kDa
42 kDa
a
b
Figure 7. Localization of sFRP2, ATP1b1 and Fibulin-1 in cultured DPC.
(a) Immunostaining of DPC with antibodies against sFRP2, ATP1b1 and
fibulin-1 is shown in green. Secondary antibody controls were not exposed
to primary antibody. The cells were counterstained with propidium iodide
(red). Bar¼0.025 mm. (b) Western blot analysis showing levels of
fibulin-1, sFRP-2 and smooth muscle a-actin protein in DPC.
Table 3. Levels of smooth muscle a-actin expression
were correlated with the expression of the indicated
genes in 6 replicates of passage 2 beard dermal papilla
cells
Correlation coefficient P-value
Versican 0.041 0.9437
BMP4 0.178 0.7547
MN1 0.571 0.2608
KGF 0.648 0.1813
Fibulin 0.723 0.1134
sFRP2 0.785 0.0669
ATP1b1 0.848 0.0304
BMP4, bone morphogenic protein 4; KGF, keratinocyte growth factor;
MN1, Meningioma; sFRP, secreted frizzled related protein.
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papilla signature gene in dermal papilla of mouse pelage
follicles (Rendl et al., 2005). We found that the levels of sfrp2
expression were low in the dermal papilla and in DPC from
occipital scalp follicles, but that sfrp2 expression was
significantly elevated in dermal papilla and DPC from beard
follicles, suggesting that sfrp2 may play a critical role in the
mesenchymal component of human beard hair follicles. In
addition, sFRP-2 was expressed in the epithelial portion of
hair follicles and was particularly concentrated in the cells
surrounding the dermal papilla. sFRP2 may be an important
ScalpBeard
24 hours post-biopsy surgery
Fibulin-1D
c
sFRP2
Propidium iodide
Dermal
papilla
Dermal
papilla
ScalpBeard
ScalpBeard
ScalpBeard
Fresh biopsy
Fresh biopsy
24 hours post-
biopsy surgery24 hours post-
biopsy surgery
ATP11
a b
Figure 8. Localization of sFRP2, ATP1b1, and Fibulin-1 in intact hair follicles. Punch biopsies were taken from the occipital scalp and chin and either
immediately embedded in OCT (fresh biopsy) or stored at 41C for 24 hours before dissection and embedding in OCT (24 hours post biopsy surgery). (a) sFRP2
expression (in green) in the dermal papilla and epithelial portions of the hair follicle, Bar¼ 0.1 mm. A higher magnification of the dermal papilla in the
fresh biopsy sections is shown. In this panel, the follicles were counterstained with propidium iodide. Bar¼0.025 mm. (b) ATP1b1 expression (in green)
in the hair follicle, Bar¼ 0.1 mm. (c) Fibulin-1 expression (in green) in the hair follicle, Bar¼ 0.1 mm.
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signaling molecule in the communication between germinal
epithelial cells and DPC early in the process of differentiation
of a hair fiber. WNT signaling is critical to hair follicle growth
(Huelsken et al., 2001) and components of this pathway are
required in the induction of hair keratin genes in hair follicle
stem cells cocultured with DPC (Roh et al., 2004). The
presence of WNT agonists (Kishimoto et al., 2000; Reddy
et al., 2001) and antagonists (such as sFRP2) is likely to lead
to the appropriate balance of WNT activity in actively
growing and cycling hair follicles.
MN1 was originally identified as a gene that is disrupted in
menigiomas (Lekanne Deprez et al., 1995). MN1 forms a
fusion protein with a member of the ETS transcription factor
family, an event that leads to the development of acute
myeloid leukemia (van Wely et al., 2003) and the ability to
transform NIH3T3 cells (Buijs et al., 2000). Recent studies
indicate that the MN1 protein is critical in membranous bone
development in mice (Meester-Smoor et al., 2005), that MN1
stimulates vitamin D-mediated transcription, and that MN1
activity may have an antiproliferative effect in some cells
(Sutton et al., 2005). From these studies, it appears that MN1
expression contributes to normal controls of cell proliferation,
as disruption of this gene is associated with tumor formation.
MN1 has not been identified in hair follicles to date, although
a cutaneous meningioma associated with a patch of dense
hair growth has been reported (Penas et al., 1994). The cells
of the hair follicle dermal papilla are generally not
proliferative, and it is possible that MN1, together with other
growth control mechanisms, contributes to this phenotype
under normal conditions for hair growth. Additionally, or
alternatively, MN1 may function as a transcriptional coacti-
vator in the regulation of beard-specific gene expression in
the hair follicle dermal papilla.
The fibulins are a family of extracellular matrix and blood
proteins. Fibulin-1 is a 90 kDa calcium-binding protein that
binds versican (Olin et al., 2001) and other extracellular
matrix proteins in a calcium-dependent manner (Aspberg
et al., 1999). Fibulin-1 is expressed by fibroblasts (Argraves
et al., 1990) and by cells in the epithelial placode and the
mesenchymal cells of developing vibrissa follicles (Zhang
et al., 1996). Fibulin-1 is upregulated by the steroid hormones
progesterone (Okada et al., 2003) and estrogen (Bardin et al.,
2005), indicating that androgen regulation of this protein
would not be unprecedented. DPC produce an extracellular
matrix rich in proteoglycans (Couchman, 1993), and versican
expression by DPC has been associated with hair inductive
ability (Kishimoto et al., 1999) and anagen hair growth (Soma
et al., 2005). Considering the association between fibulin-1
and versican, it is likely that this protein plays an important
role in establishing or maintaining hair follicle structure or
patterns of growth through contributions to the extracellular
matrix. Fibulin proteins have been identified in DPC in other
studies. Fibulin-1C (very similar in sequence to fibulin-1D)
was identified as a DPC-specific gene in a large-scale
comparison of gene expression between DPC and dermal
fibroblasts (Sleeman et al., 2000) and Kim et al. (2003)
identified Fibulin 5 as an androgen-regulated gene in SV40-
transformed dermal papilla cells.
The expression of MN1, sFRP2, and ATP1b1 may be
related to the greater proliferative capacity of DPC isolated
from beard hair follicles. However, the expression of these
genes was weak in dermal fibroblasts that proliferate at a
higher rate than DPC (Francz et al., 1993; Almond-Roesler
et al., 1997, unpublished observations). Other studies (Rendl
et al., 2005) suggest that sFRP2 has a hair follicle-specific
function. The expression of ATP1b1 was highly correlated
with smooth muscle a-actin expression in beard DPC
(suggestive of a biomarker for these cells). While the
expression ofATP1b1 is related to cell proliferation in
lymphocytes (Vereninov et al., 2001), neither beard nor
scalp DPC are highly proliferative in culture. Thus, this gene
may provide an additional, or alternative function in these
cells. MN1 is related to growth arrest in other cell types
(Sutton et al., 2005), and thus is not likely to be a factor that
promotes the proliferative potential of the cells unless the
gene is disrupted. The similar expression patterns for these
genes in DPC and intact dermal papilla suggest that they play
a role in defining the phenotype of the cells in the dermal
papilla of beard follicles. bmp4, a known inhibitor of hair
follicle growth expressed in both the hair follicle epithelium
and mesenchyme (Botchkarev et al., 2001), was down-
regulated in intact dermal papilla from beard follicles (Figure
6b). Whether differences in the expression of bmp4 in beard
and scalp follicles contributes to their differences in size
requires further study.
The purpose of this work was to expand the list of genes
that are relevant to hair growth in general, and to beard
follicle growth specifically. The expression patterns of sfrp2,
mn1, atp1b1, and fibulin-1d suggest that these genes may be
relevant to the development of the phenotype of beard
follicles (larger, coarser, darker, thicker, shorter anagen, more
frequent cycles). Future studies will include gene based
functional assays to assess the potential role of these genes in
regulating important aspects of hair follicle biology.
MATERIALS AND METHODS
Cell cultures
DPC were established from human hair follicles according to the
method of Messenger (1984). Male and female scalp follicles were
obtained from face-lift remains with written patient consent. Male
beard and matched scalp follicles were obtained from 4 mm punch
biopsies taken from the chins and occipital scalp of 25–40-year-old
Caucasian men enrolled in a Gillette Company-sponsored study
approved by an independent institutional review board to ensure
subject protection and adherence to the declaration of Helsinki
Principles. The biopsies and surgical remains were shipped to the
Gillette research laboratory via overnight express, imposing
16–20 hours delay in processing the tissues. In all cases, individual
dermal papilla were microdissected and placed in a well of a 24-
well dish (one papilla per well) containing Papilla Cell Growth
Medium (Cell Applications, Inc., San Diego, CA). Upon confluence,
the cells were subcultured to a 60 mm dish and an aliquot was
analyzed for smooth muscle a-actin expression through antibody
staining (passage 1). Cells that were 80–100% positive for smooth
muscle a-actin were passaged to a 100 mm dish (passage 2), and
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once confluent, the cells were split between two 100 mm dishes
(passage 3). When the cells were confluent on the 100 dishes, they
were maintained in DMEM supplemented with 10% charcoal–
dextran treated fetal bovine serum for 24 hours. At this time, one dish
was treated with 10 nM DHT and the other with the same volume of
DMSO (0.1%). Aliquots of the cells were analyzed for the expression
of the androgen receptor and smooth muscle a-actin through
immunostaining. Twenty-four hours later, the cells were trypsinized,
the pellet was washed with cold phosphate-buffered saline; and the
cell pellets were quick frozen and stored at 801C. DPC (male, from
the crown of the scalp) were also purchased from Cell Applications,
Inc. Adult dermal fibroblasts (from breast or stomach reduction) were
purchased from Cambrex Bio Science (Walkersville, MD); adult
epidermal keratinocytes were also purchased from Cambrex
Bioscience.
DPC and keratinocyte co-culture
1 105 passage 3 DPC or dermal fibroblasts were plated onto the
plastic surface of triplicate wells of a 24-well dish in Chang’s C
medium (Irvine Scientific, Santa Ana, CA). 3 104 human epidermal
keratinocytes were plated onto Nunc 10mm Anapore tissue culture
inserts and maintained in KBM-2 medium (Cambrex Bio Science) for
48 hours. Immediately prior to placing the keratinocytes (attached to
the inserts) into the wells with the DPC, DPC, and fibroblast
monolayers were washed 2 with phosphate-buffered saline, then
KBM-2 containing 8% chelexed fetal bovine serum (prepared as
described in Hennings et al., 1980). At the same time, the
keratinocyte monolayers were washed with phosphate-buffered
saline, and fed the same medium. The inserts were placed into the
wells of the DPC/fibroblast cells, and allowed to coexist for 48 hours
before the keratinocytes were counted using a Coulter Counter
(Beckman Coulter, Fullerton, CA).
TGFb2 analysis
The levels of TGFb2 in the conditioned medium were determined
through the use of a commercially available immunoassay (R and D
Systems, Minneapolis, MN) and normalized to total protein in the
medium.
Gene array analysis
Total RNA was isolated from three separate populations of beard and
scalp cells derived from six different individuals (three beard and
three scalp) and 2 mg of RNA was applied to Affymetrix U133 2.0
Plus arrays (RNA preparation and hydridization were performed by
Expression Analysis, Durham, NC). The following comparisons were
made: (1) control and DHT treated beard cells; (2) control and DHT
treated scalp cells; (3) control beard and control scalp cells; and (4)
DHT-treated beard and DHT-treated scalp cells. In all cases, the
samples were probe quantile normalized and the signal was
computed using positional-dependent nearest neighbor method with
probes based on REDuction of invariant probes analysis. Permuta-
tion analysis was employed in determining statistically significant
genes of interest between scalp and beard groups. Pairwise analysis
was combined with more stringent P-values from standard t-tests to
determine genes of interest. A list of genes that scored the highest in
this analysis is shown in Tables 1 and 2. As the beard cells were from
male subjects and the scalp follicles were from female subjects,
genes linked to the Y-chromosome were eliminated from this list
(Table 2).
RT-PCR analysis
Total RNA was isolated from microdissected dermal papilla or from
cell pellets and contaminating DNA was removed using the
RNaqueous method (Ambion, Austin, TX). For reverse transcription,
1mg of RNA was combined with oligo d(t) primer (Invitrogen,
Carlsbad, CA, 4.5 ng/ml final concentration) and incubated for
10 minutes at 701C to denature the RNA and enable binding of the
primer to the polyA tail of the RNA transcripts. After chilling this
mixture on ice, buffer components (10 mM Tris-HCl pH 8.3, 15 mM
KCl, 0.6 mM MgCl2, 4 mM DTT), deoxynucleotides (0.5 mM final
concentration) and 1 U of Superscript II enzyme (Invitrogen) were
added and the tubes were incubated at 421C for 1 hour. For the PCR
reaction, 1ml of the RT reaction was added to 0.4 mM 50 and 30
primers, 0.2 mM dNTPs, 1.5 mM MgCl2, buffer components (10 mM
Tris-HCl pH 8.3, 50 mM KCl) and 1.25 U of TaqGOLD polymerase
(Applied Biosystems, Foster City, CA). The reactions were initially
incubated at 941C for 10 minutes. Following this, the PCR reaction
was performed for 25 cycles of 45 seconds at 951C, 45 seconds at
601C and 2 minutes at 721C. PCR products were analyzed on 1%
agarose gels and stained with SYBR Green. Semiquantiative results
were obtained using an Alpha Innotech (San Leandro, CA) Alpha
Imager. Fold increase values are based on gene expression levels for
each gene normalized to b-actin. The PCR primers used in this study
were: ATP1b1 Forward 50-CCCACATATCAGGACCGAGT, reverse
50-TGCCCAGTCCAAAATACTCC; Sfrp2 forward 50-TATTTGACAA
GATTCGGGGG, reverse 50-AAGGCCACGACTTTTTGCAT; MN1
forward 50-TTCCTGCAAACACAGTGCTC reverse 50-TTAGCACAGC
GTGAAAATGC; fibulin-1D forward 50-AAAGAATGCAGGATGGT
GCA reverse 50-TTTTGGCATTTGGACTGGCT; keratinocyte growth
factor forward 50-CATGAACACCCGGAGCACTACACTATAATG,
reverse 50-ATTCCAACTGCCACTGTCCTGATTTCCATG; BMP4;
forward 50-GCCGGAGGGCCAAGCG TAGCCCTAAG, reverse
50-CTGCCTGATCTCAGCGGCACCCACATC; versican forward
50-CGGGATCCGGGGTGAGAACCCTGTATCG, reverse 50-ACTCT
AGAGGCCACGCCTAGCTTCTGCAGC; b-actin primers were pur-
chased from Clontech (Mountain View, CA). DNA sequencing of gel
purified PCR products (purified using Gelase, Epicentre, Madison,
WI) was performed by SeqWright (Houston, TX).
Immunostaining
DPC were fixed (cold methanol for smooth muscle a-actin staining,
4% formaldehyde for all other staining reactions), permeabilized
with 0.1% Triton X-100 (androgen receptor staining only), and
treated with primary antibody overnight at 41C (dilutions are listed
below). FITC-conjugated secondary antibodies (Vector Laboratories,
Burlingame, CA, used at 1:200) were used, and the samples were
mounted in Vectashield Mounting Medium containing propidium
iodide (Vector Labs). Visualization of the fluorescent signal was
performed using an Olympus fluorescent microscope. Frozen
sections (8mm) were prepared from scalp (occipital) or beard (chin)
biopsies that were freshly embedded at the dermatology office or
stored at 41C for 16–20 hours (shipping time) before dissecting and
embedding the follicles. The follicle sections were fixed with 4%
formaldehyde and visualized as above. The androgen receptor and
smooth muscle a-actin antibodies (used at 1:75 and 1:50,
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respectively) were from Dako Corporation (Carpinteria, CA),
antibodies against sFRP-2, Fibulin-1 and ATP1b1 were from Santa
Cruz Biotechnology (Santa Cruz, CA, all were used at 1:100).
Quantitation of immunostaining reactions was performed using
Alpha Ease software provided by Alpha Innotech.
Western blot analysis
For determination of androgen receptor expression, nuclear and
cytoplasmic proteins were isolated using the procedure described in
Schreiber et al. (1989). Nuclear protein (7.5 mg) was loaded onto a
10% SDS-polyacrylamide gel and fractionated prior to transferring to
nitrocellulose membrane according to standard procedures. The
membranes were probed with androgen receptor antibody (Dako
Corporation, 1:500) and visualized using SuperSignal Enhanced
Chemiluminescence Substrate (Pierce, Rockford, IL) and exposure to
X-ray film. For determination of sFPR-2, Fibulin-1 and smooth
muscle a-actin expression, total cell lysates were harvested with 1
SDS lysis buffer (63 mM Tris-Hcl, 10% Glycerol, 2% SDS, 0.0025%
bromophenol blue, 2.5% b-mercaptoethanol, pH 6.8), heated to
851C for 5 minutes, and fractionated on a 4–20% SDS polyacryla-
mide gel prior to transfer to nitrocellulose membrane. The
membrane was reacted with primary antibody (all at 1:1000
dilution), HRP conjugated secondary antibody (Pierce), and visua-
lized using Alpha Innotech ChemiGlow Substrate and a FluorChem
imager (Alpha Innotech).
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